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S E C T I 0 N V - P R E K O « E K A A S S 0 C I A T E „D WITH 
• , G A S D 1 S C H A R G E _ ^ 

' ’ GENERAL COHiiEKVS 

< . . The fundamODtaL equations of internal ballistics permit the solution 

; • of the .problem dealing with the motion of the projectile up to the 

instant at which, the base of the shell traverses the muzrle face of / 

■ the‘ barrel, l. 

However I,, the action of the gases continues or per sists even af ter' 

*the projectile's departure from the bore. Both the projectile and the 
barrel experience for a certain period of time the so-called "after¬ 
effect" of the powder gases in the form of continued ,gas pressure exerted 
j on both the projectile and the barrel. While it is possible to 

approximately determine the- theoretical relation between the pressures 
acting on the base of the bore and the base of the projectile while 
the latter is travelling through the bore, this relationship will be 
entirely different after the projectile has left the bore. That portion 
of the gas which, upon leaving the bore, continues to exert a pressure 
on the projectile for a certain period of time, will be subjected to 
conditions differing sharply from the conditions to which the gases 
still remaining in the barrel are subjected. , 

The gases remaining in the barrel continue in their motion along 
the axis of the bore from the base of the barrel to its muzzle face, 
an4 upon leaving the bore commence to disperse somewhat from their 
basic direction of imotion. The resulting reaction imparts additional 
_ acceleration to the recoiling barrel and the maximum speed'of recoil 
^ obtains after the projectile's departure from the barrel. Almost 
’ the entire mass of gases generated by the charge participates in 
the reaction on the barrel. After the projectiles departure, only 
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the central -portion of the gases which had retained its axial motion 
along the bore continues to react on the base of the barrel; the 
greater portion of the gas either temporarily overtakes the projectile 
is dissipated laterally in the form of a gas cloud, inasmuch as 
the density of the gas discharge rapidly drops as the gases' expand^ 
the gases lose speed very rapidly and fall behind the projectile. 

Nevertheless, the projectile's speed will continue to increase some- 

/ 

what even while the gases are lagging behind it. During this period 
the fure mec^inisms are triggered and go into action. A study of 
the projectile's motion after its departure from the bore constitutes 
one of the problems of internal ballistics. 

The period of gas after-action, or the third period, which is 
a direct continuation of the shot phenomenon accompanied by gas 
discharge from the gun barrel, constitutes a problem involving the 
derivation of special fundamental relations for its solution. This, 
in turn, requires a knowledge of the fundamental laws of gas discharge 

General relations of gas dynamics are alsKTlrequired for the 
solution of special problems arising from the complex structure of 
artillery weapons and with the appearance of new systems, in which 
the gases are discharged from ports of various types. 

Such systems may include: 

.1) Automatic weapons^in which the gases arc discharged from 
the bore before the projectile's departure, or guns with muzzle 
attachments. 

2) Weapons with separate powder chambers with gas discharge 
through a single or.,*ultiple nozzles (weapons operating on the 
principle of gas dynamics or hydrodynamics'). 
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* 3) Reco^illess guns^- in which the gases are discharged through 

an opening in the breechblock. 

4) Kuzzle brakes^ in which the gases are discharged through 
passageways laterally, and by exerting pressure on the walls of these 
passageways brake the recoil and reduce th® recoiling speed. 

5) Mine thrower^ in which a portion of the gases overtakes 
the wine while it is moving through the bore; special mine throwers 
with a remotely controlled valve, in which a portion of the gases is 
discharged through the valve and does not participate in the action 
exerted on the mine; furthermore, mine throwers are provided with 
means for discharging the gas from the inner chamber, containing the 
tail cartridge and the main charge, into a chamber containing additional 
charge. • 

6) Special manometric bombs with nozzles used for studying the 
powder burning phenomenon by means of g^s discharge through a nozzle. 

7) Rocket chambers., | 

In all the systams mentioned above-, the gas is discharged through 

ports of varying shapes and sizes under high pressure. In order to 

I ; 

establish the proper relations, taking .into*-account all-of-.these ^ 
phenomena and their peculiarities, use must he made of the general 
formulas relating to gas discharge. Therefore, all the derived relations 


constitute first approximations only and require further refinement 
on the basis of test data obtained during firing of weapons. 

CHAPTER 1 ~ GENERAL INFORHATION ON GAS DYNAMICS 
1. RATE OF GAS DISCHARGE 
Using the designations: 

U, V, W - gas velocities projected on the coordinate axes; 
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X, Y, 2 - projections o^ external volunje forces on the same axes 
!>• - density of a unit mass of gas; 
p - pressure, 

then the fundamental Euler’s equation of hydrodynamics with respect 
to the x-axis will read as follows: 


dt 3t ix ax 


(77) 


and will be analogous in character with respect to the other axes. 

We shall consider the gas discharge as a single-dimensional 
motion in the direction of the x-axls, due to pressure difference, 
in the absence of external forces (X » 0): 





Replacing the mass density p* by gravimetric density p and 
bearing in mind that p - 1/w, where w is the specific volume of 
gas, we get: 


F-TS-7327-RE 


376 








(79) 




If we designate the pressure, specific volume and velocity in 
the vessel from which the gases are discharged by p^, 
respectively, then, upon integrating expression (79), we will get 


- j* wdp - j 


In order to integrate the left side of equation (80), the 
dependence of w on p for the process taking place in the gas must 
be known. We shall consider the polytropic process, of which the 
adiabatic process constitutcss a particular case: 


l/k- 

Pi 


Substituting this expression in equation (80) and integrating, 


lA P - W‘ 

*i‘’i I ;i7k*—5F~' 
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are discharged. Hence, 


- y 


\^x "\/k - I ^1* 


GRAPHIC NOT REPSODUCIBLE 


r 


^Ig. 112 - Dependence of Velocity of Gas Discharge on p/pj. 
Substituting this expression in equation (82), we get; 


rr 

X k-l/k / 2 

/ 

\ k-l/k 

»- \i^ - 

9 ■ 'X 

1^ - (^i 

-) 1 



The dependence of the velocity of discharge on pressure p or 
the ratio p/p^ is depicted in fig, 112. When p " 0, U - Unax* 
the back pressure p increases, U decreases and has a point of inflexion 
(Ucx-.> )* tihen p/p^ - 1 it becomes zero, i.e., the discharge 

cease.s. 

We shall discuss the values and later in the text. 

2, THE GRAVIME'nilC CONSUMPTION OF GASES G„ PER SECOND 

sec 

If the stream of gases discharged under a high pressure has a 
velocity y, density f - l/w and a cross-sectional area s, the gas 
consumption per second will be: ' 
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(83) 


G 


sec 


sU^ 



k-l/k 


Since for a polytropic process 



then, substituting this expression in the formula for determining the 
expenditure per second, ve get: 



(Tseiner’s formula). 

Designating the p/pj^ ratio by x and 
ve find: 


the constant 


^2sk Pj" 

Vk - 1 wi 


by 


2/k k+l/k 


ajSf(x). 


When the notion is steady, the consumption per second is constant 

therefore, _ 

2/k k+l/k Gsec 

sf(x) “ s V* "* - " const 

v ai 
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and 


const 


i.e., the cross section of the stream varies inversely with the 
change f(x) depending on p/pj,. 

Investigations show that f(x) has a maximum when the value 
Per. / 2 \ 

-- “ “ j-J : therefore, the cross-sectional area s 

PI + 1/ 

will be Binimu* at this value. The pressure ratio /p^ at which 
the cross section of the stream is minimum and the flow through a unit 
cross-sectional area is maximum is called the critical pressure ratio, 
and the cross section is called the critical, cross section. 

The value depends on the poly tropic index, though to a small 

degree only. The following table gives the values of x^.^. with 
relation to h (Table 27). 


Table 27 









0.527 

0.546 

0.555 

0.565 

0.585 


Substituting the value « (—-—1 in formula (82) for 

\k + ij 

the discharge velocity, we get the following expression for the 
"critical*’ gas’ velocity: 



This value approaches the speed of sound in a gas located in a 


vessel, froM which the discharge takes place, and whose equation of 
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stale is determined by the values p, *ad w . 

11 

Since from the adiabatic equation " Per the 

expression for critical velocity will take on the form; 

“cr. ■ '/«''Por.*cr! ' «cr.> 

y 

i.e., the critical velocity at the minimal cross section at the point 
of critical pressure equals the velocity of sound, corresponding to 
the state of gas at this critical pressure. This velocity is shown 
in fig. 112 in the form of segment at 

Having determined the critical pressure and velocity of the 
gases, we shall now find the consumption through the smallest cross 
section (which we shall designate by s^}. To do this, we substitute 
in the right side of formula (84) the value 



/ 2gk / 2 

+ 1 U + 1 


is a constant which. 


depending on the exponent K, varies within small limits in accordance 
with Table 28 (g - 98.1 dm/sec^). 
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k 

1.25 • 

1.20 

1.15 

1.10 

/~~2gk / 2 \ ^ ^ 

6.518 

6.424 

6.325 

6.224 







For the vessel in which the powder is burned, the expression for 
^sec presented differently, by multiplying and dividing the 

expression under the root by Pj^. Replacing, approximately, " 

RTj by f, we get 

Osec - 

*0 

where A - - is a constant depending on the nature of the gases and 

their temperature, inasmuch as k is a function of the 
temperature; 

is the minimal cross section of the gas stream, which 
* may be assumed to be an orifice with rounded edges or 
the minimum cross section in the Laval nozzle; 
is the pressure at which the gases are discharged from 
the vessel. 

Coefficient A, characterizing the consumption of gas at s » 1 
and • 1 is measured in (sec**^) and varies with f and k. - 

The coefficient A was first- introduced by V.M, Trofimov who 
assumed A - 0.007 for pyroxylin powders and A •* 0.006 for nitroglycerine 
powder. 

Actually, when gas is discharged from a"vessel, even in the case 
where powder is burned in the vessel, the temperature T inside the 
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vessel will be lower than and the value - RT, where T < T^. 

Hence, it would be more correct to state: 

A 

- 9— a p, « -i'- s^p, / -p, - —s p,, 

' V® " y \^v/r “ ^ \/f " ^ 

where T - T/Tt (see below). 


7 ■ 

1 

1,1 

1,2 

1.: 

1,000,000 

0., 00622 

0.^0642 

0.00661 

900,000 

0.00656 

0.00677 

' 0.00697 

850,000 

0.00675 

0.00695 

0.00717 

800,000 

0.00695 

0.00718 

0.00739 

3. FULL GAS CONSUMPTION 


The. full gas consumption Y over a period t can be obtained from 
the expression 


We proved earlier that 


where p^ - pressure in the vessel from which gas is discharged;- 

Sjj - cross-sectional area of opening or orifice through which 
the gas flows. 

If we apply this formula to a bomb with a nozzle, in which 
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pcessuYe p is developed when the powder is burned, then' 


®8ec 


As^p, 


'where p - 

t 

Y « As. pdt - As*I, 

i 


but I 

1 . 1 
During: the entire period that the powder is burned j* pdt » and 

0 

hence the full consumption during the entire period of powder burning 
will be 


When the.cross section of the nozzle, the nature of the powder 
gases and their temperature ^A - f(h, i)_7, the thickness of the 
powder and its rate of burning are known, this formula enables us to 
compute in advance the consumption of powder by weight during the 
period the powder is burned in the chamber or in a bomb with a nozzle. 
This formula has been satisfactorily confirmed in bomb tests, in 
which the start of burning of cylindrical grains with very narrow 
perforations - 1 to 3 mm in diameter, at pressures p^ - 2000-2500 
kg/cB^ has been investigated. 
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4. THE DEPENDENCE OF GAS PRESSURE ON THE CROSS SECTION 
OK THE STREAM(*) 


If the gases are discharged through a tapered diverging nozzle, 
the pressure in the direction of flow will decrease, whereas the 
velocity of discharge will increase. The pressure magnitudes at 
various sections can be found from the equation of continuity, because 
Gcr. ” Gx* the,flow through section The equation of 

continuity will be written in the form: 


- - 


k + 1 W-, 


and according to formula (84) 


X \/k - I Wj 


Equating the right sides of these equations and assu ming tha t 

' / ^ 

k “ const from one section to another, and reducing by V2gk -, w 


(*) .The derivation and numerical data are taken from the book by Prof, 
I.P. Grave, "YNUTRENNYAYA BALLISTIKA" (Internal Ballistics). 
Pyrodynamics, S^d Edition, p. 217, 
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This «qu&lity gives the dependence of the relative pressure x in 
the region back of the miniMuo cross section on the relative cross 
section of the nozzle Upon assigning values of x for various 

values of k, a table can be conplled for the values of according 

to which an inverse problem can be solved: i.e., the value of the 
ratio X - p/pj^ (Table 30) can be found from the ratio of the cross 
section of the flow at a given point to its minimal cross section. 


Table 30 - Values of Sj^s^^ for Various x and k 



Exaaple. Deterwine how such the cross section of the stream must 
be increased in order to obtain a 10-fold pressure decrease (at k - 1.25). 
At k * 1.25 and x - l/lO, we get 
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5c EXPRESSION FOR DETERMiKiNG THE REACTION PRESSURE DEVELOPED 
DURING GAS DISCHARGE THROUGH AN OPENING IN THE WALL OF 
THE VESSEL (INACTIVE F.ORCE) 

Let us assuae (fig. 113) that a gas-ia a closed vessel is under 
pressure p. To each element of the surface s there is applied a force 
sp or s(p - P^^j ^Here is atmospheric pressure. The velocity of, 
the gas inside the vessel is U^^ « 0. When the opening of area s is 
opened, the gases will be discharged through it, and the vessel will 
be subjected to a reacting force composed of the following components; 





Pig. 113 - Diagram of Gas Discharge and the Reaction Pressure 

1) The force R’ - s(p ~ as sp, acting in all directions before 
the orifice is opened, and reacting in a direction opposite to the 
flow of the gases when a portion of the wall of area s disappears. 

2) The force R”, originating in consequence of the gas discharge 
through orifice s under the action of internal forces and determined 
on the basis of the mechanics theory concerned with momentum and 
force impulse. 

The elementary mass dm discharged through area s during time dt 
acquires a velocity U and an increment of momentum dmU; it creates a 
force impulse R"dt in the reverse direction: 
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R-'dt - dmU - -i- sUdtU - —^dtU, 
g g 


The full reaction pressure or the tractive for^e originating upon 
the discharge of gas through opening s will ^e expressed by the formul; 


- R* + R» - _1££ u + sp. 
S 


It is assumed thereby that the gas velocity Inside the vessel 
is Uj: " 0 and that hence no change in gas momentum takes place in 
a vessel of a sufficiently large capacity. 

If we apply this formula to the discharge opening of a diverging 
tapered nozzle of cross section whereby P “ U - U’, then 


Replacing G 


and p by values relating to the minimum 


cross section and internal pressure pj^, we get, on the basis of 
formulas (82) and (86)(»); 


(♦) I.P. Grave, ••PIRODINAMIKA" (Pyrodynamics), Part III. 
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Only the k, x^, and values enter this expression. It may 

be thus concluded that the value of R is proportional to pressure pj^ 

inside the vessel and the area of smallest cross section s ; it depends 

on the exponent k and is determined by the degree of divergence of 

the nozzle which, in turn, depends on the ratio s /s . Formula (87) 

a H « 

can be presented in an abbreviated form: 

* ”ePi. 
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itSsumlng that 



( 88 ) 


■ The coefficient £ for a given nozzle depends on k only; it depends 
on the nature of the powder only to the extent that it determines the 
value of k; it does not depend on the charging density, nor on the value 
of p. 

Langevin calls this coefficient the propulsive action coefficient. 
In the absence of a nozzle, and if only an opening were present in the 
vail, then, at 




If the were infinitely large and permitted infinite 

divergence, and if the outside pressure were disregarded (in other 
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The following tabic gives the dependence of coefficient C on 
the ratio between the discharge opening diameter dj^ and the diameter 
of oinimura cross section (Table 31). 


Table 31 



It can be seen from the table that as the outfit diameter of the 

nozzle increases, the reaction pressure increases rapidly at first 

and then slower and slower, approaching asymptotically the value 

In rocket shells it is customary to take g—• > 3 in order not be make 

m 

the shell unnecessarily heavy. The coefficient C changes very little 
with the change of k. 

6. FUNDAMENTAL FORMULAS 

Thus, as a result of applying the laws of gas dynamics, the 
following relations have been established. 

Gas discharge velocity; 



where and Wj^ are the pressure and unit volume of gases in the 
vessel from which the discharge takes place. 
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Gas consumption through cross section s per second: 


^sec *■ 

^here A - a coefficient depending on the nature of the powder (f and 
k « 1 + 0)j 

A» 0u^07 for pyroxylin powders; 

A 0.0065 for nitroglycerine powders. 

The gas consumption in time t is 




If the gases are formed in the vessel in consequence of powder 


burning, then 


pdt - -2-; Y - As — 
'"l ® ”l 


the full gas consumption during the powder burning period is 


The reaction force of the discharged gases is 


U i- spj - ^ Sjjp^, 


where ^ is given in the above table and is practically independent of 
the coefficient k - 1 + 0. Thus the basic values Y and R are 

very simple functions of ballistic elements and of the gas pressure 





Gas consumption through cross section per second: 
^sec “* 

9 


vhero A ~ a coefficient depending on the nature of the ^wder (f and 

k - 1 + 0); 

0.007 for pyroxylin powders; 

A ^ 0,0065 for nitroglycerine powders. 

The gas consumption in time t is 

t 


- Gg^^dt - As^ 


p^dt. 


If the gases are formed in the vessel in consequence of powder 
burning, then 

t 


pdt - -S-; Y ~ As 

“l n Uj^ ’ 


the full gas consumption during the powder burning period xs 


The reaction force of the discharged gases is 


R - U + sp^ - ^ s„Pj, 


where ^ is given in the above table and is practically independent of 
the coefficient k - 1 + 0. Thus the basic values Y and R are 

very simple functions of ballistic elements and of the gas pressure 
F-TS-7327-RB 393 


/ 






characteristics p in the vessel and of the pressure impulse at a given 
instant: 
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CHAPTER 2 ^ THE APPLICATION OF BASIC FORMULAS OF GAS DISCHARGE 
1. GAS DISCHARGE FROM A VESSEL OF SPECIFIC VOLUME 
Say, a volume W„ contains w kg of gas. The initial state of the 

"o 

gas is characterized by the values - -^4 It is necessary 

to determine the law governing the pressure and temperature drop as 
a function of time. As in the case of the general theory of discharge, 
we shall consider the process an adiabatic one. Then 


1 /k J 


■'o Vi- 


InassMcb as 


» Pi ’1 Vl ) , ’1 I”! ) 
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^ 2gk / 2 

k + 1 U + 1 


This relationship is valid until the ratio between the outside and 
inside pressures becomes equal to the critical value. When the 
discharge is into the atmosphere 


The iulL time of discharge is 


B' k-l/2k 


These formulas show that the length of discharge up to a given 
pressure is inversely proportional to the cross section of the nozzle 
Sjjj. Solving the formula with respect to p » p^^x, we get the relative 
pressure change as a function of time: 
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I£ the values of t are given, p can be calculated and a p, t 
can be constructed. larger the cross section of the opening 
the greater the va^ue of p^,, the more rapid will be the relative 
drop within the vessel. Inassuch aa , 




A comparison of formulas (94) and (92) shows that the gas temperature 
drop inside the vessel occurs much slower than the pressure drop. 

2. GAS DISCHARGE FROM THE BORE OF A GUN AFTER THE 
PROJECTILE LEAVES THE GUN 

Applying the relations obtained above to the gases discharged 
from the barrel bore after the projectile leaves the latter, we will 
have the following; prior to the start of discharge the barrel will 
contain u> kg of gas, so that the specific gas volume within the 


($) Subscripts A and KH stand for "muzzle" and "bore," respectively. 
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The pressure at the atart of discharge equals the muzzle pressure 
p^, the gas temperature is the cross-sectional area of the flow 
equals the cross-sectional area of the bore s» 

Designating by B* the constant parameter 


•• - 


'Jhi 




for pressure, gas temperature and the time of 
obtain the following expressions: 


discharge, we will 


2 

(1 + B't) 


All of these relations arc valid while x > * 0.565-0.545, 

i.e., up to a pressure cf p^j.^ •* ■ .^1.8 kg/cm^. The total duration 

of the after-action (or after-effect) of gases on the gun mount 
is deterained by the following formula: 




Example. Given a 76-mm gun, s • 0.4693 dm^, A« " 9.0, 1.080 kg. 
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A « 0.70, - 600 kg/cm'*, k » 1,2, - 6,424. 


B’ * “ 6.424 :4- - ~ " 0-2783 * 64,8 - 18.10; 


333 • 3 j 


f « 2.523; » -i-; . 

Vi.e; 2k 12* 


12 


10. . 0.2103; - 1.623; t„ - 


- 0.03443 sec. 

The discharge tlae until the pressure is 20 atm 


•’20 • 


1 

18.10 


/800\ 

V 20 j 


1/12 


0.327 

18.10 


- 0.01807 sec. 


l.e., the time is almost one-half the full period of discharge down 


If T^« 0.70 • « 0,70 . 28Q0 - 1960^, then 


^ (1 + 18.1tj,)2 (1 + 0,623)2 i 2.635 


•t - 744®X - 471®C.. 


3. THE AFTER-ACTION OF G^SES OK THE GUN MOUNT 
The relations introduced in Section 2 enable us to investigate 
the after-action of gases on the recoiling parts after the projectile 
leaves the gun, an^ in particular, to^, determine the highest velocity 
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of recoil, necessary for Ihe design of the gun mount. 



Fig. 114 - Velocity of Recoil ZXiring the Period of After-Action. 

The reaction force R, arising as a result of gas discharging 
from the bore of the gun, imparts an added impulse to the recoiling 
parts and increases the velocity of recoil. 

The action of the gases ceases at the end of their discharge, 
at which time the recoiling parts attain their maximum velocity 

The cdrves in fig. 114 depict the gas pressure p^^ on the base 
of the bore and the velocity of the recoiling parts V. corresponds 
to the instant the projectile leaves the bore, corresponds to 

the period of after-action, t^ is the time of recoil prior to the 
projectile's departure from the bore, tj, is the period of gas after- 
action. 

If the recoil is free, the relation between the velocity of recoil 
V and the velocity of th? projectile (absolute) v,^ is expressed by the 
formula; 


V 


q + Aui q + ~u> 
3 2 
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because -—uis small compared with Qq. 

Prior to the instant the projectile leaves the bore 
1 

q + — CJ 
2 


Qo 


A.a 


where is tbe absolute veloc'l^y of the projectile at the Instant 

it leaves the gun. The recoil velocity increment £kV * 
is obtained as a result of the action produced by the reaction force 
impulse developed during gas discharge: 



(95) 


When the recoil is subjected to a braking effect 



0 0 


where F is the resultant of the forces braking the recoil. 

The problem dealing with the force R under conditions of powder 
gas discharge from the barrel bore has been considered in 
considerable detail in a series of special texts. 

We shall assume some of the simplest allowances, to wit: 1) 
the cross section s of the barrel bore is the critical one; 2) the 
velocity of the gas at the instant the projectile is ejected from 
the gun equals the velocity of the projectile v^ 3) we take into 

account the change of momentum u. of the gases when the mean rate 
^A ^ 

of motion drops irom Un * - at the start of discharge to zero 

^ 2 
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V^A k - 1 [ 


k+l/k-1 g 


Substituting the vaJue of B', reducing, and bearing in mind that 
the expression In square brackets can be assumed to be equal to unity 
(0*995), we get 


x F^ - — 
K^Ck + 1) V ^ ^ 


Introducing here the values 

/ 2 \)tA-l 


"o ■ (rh) 


(l/2)0c+l/k-l) 


and multiplying the numerator and denominator of the first term by 
\/^ and bea ring in min d that 

Aa + I / »'kH - 

Pa y-TT ■ VPa— -V^ AO'S VbKPaWa - c^, 


where is the speed of sound in a gas under conditions correspo .ling 

to the start of discharge, we get; 

. / 2 \k/lc-l 

tn 2o(k + 1) /- \ c- 


"(rh) 


1/2)0c+1A-1) 
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ittiect on ^ is produced by the initial (muzzle) velocity of the 
projectile. 

At k « 1.2 ve get: 

e - 1.59 c^/v^. 



These formulas tie in the coefficient P with the charging conditions 
and with the design data. Zn addition to this theoretical formula, 
there are also empirical formulas for the ^ coefficient, for example: 




1400 • , 

- + 0.15 or ^2 

^m/soc 


1300/v^. 


All of these formulas point at the predominating effect of the 
projectile velocity at the instant of its ejection from the gun. 
Example. A 76-mm cannon, *« 600 kg/cm^ - 60,000 kg/dm^; 

+ 1 - 10.0; A- 0.70; « 6800 dm/sec. 
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Using the empiricaX formulas, we get: 




1400 

680 


0.15 


2.21; ^2 


1300 

680 


1,912. 


It can be seen that the numbers obtained^y means of the empirical 
formulas are smaller than those obtained by the theoretical one. 

At a high speed « 1000 a/sec, A^+ 1 •• 5.0, A •• 0.72, p^ « 

« 120,000 kg/dm^ we get: 


8 - 17.26 \/ ■ 


1 


0.72 10000 


1.575; 


p ... Ii02 + 0.15 - 1.40 + 0.15 - 1.55; - 1.30. 

^ 1000 ^ 1000 

The value of closely approaches that of If in the first 
case « 80q, then at • 0.16 

V - -i- (1 + 2.35 • 0.16) • 680 ~ 680 - 11.7 m/sec; 

max 80 80 ' ' 

in the second case Qq - ISOq; u»/q - 0.50 and 

1000 

V - -TTTT- (1 + 1.575 * 0.50) - 11.92 m/sec. 
znuX 15U 

4. THE AFTER-ACTION OF GASES ON A PROJECTILE 
The action of gases on the projectile after it leaves the 
barrel is as follows. The velocity of the gases discharged in the 
wake of the projectile exceeds that of the projectile, and the gases 
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surround Rnd overtake the latter, so that the projectile actually 
Boves for a certain period of tlKe within a mobile medium. At tbd 
sametiwe the gases continue to exert a pressure on the base of the 
projectile, thus increasing its velocity even after the projectile 
has left the bore. ^ 

Thus the BaxiauB velocity is not the muzzle velocity, but the 
velocity at some point a short distance ahead of the gun muzzle face. 
Nevertheless all the known methods of computation in internal 
ballistics permit to conclude the computations at the muzzle face. 

The nuzzle velocity Vq obtained on the basis of test data is computed 
by reducing the velocity v^ recorded by the chronograph to that of 
the nuzzle face, under the assumption that the velocity beyond the 
muzzle face is continuously decreased by the action of air resistance. 

GRAPHIC NOT REPBODUCIBHE 



Fig. 115 - Projectile Veloo^i-ty in the After-Action Period 
I) frame-target; II) frame-target. 

Figure 115 characterizes the relation between the velocities 
of the projectile at different points of its trajectory. 

Thy projectile leaves the muzzle face with an absolute velocity 
^ which increases to during tbesperiod of after-action. 








following which it decrejisee because of air resistance. Using a 
chronograph and two frame-targets, (the average velocity between 
frame-targets I and 11) is determined. Then, using formula 


/ 


^ Av , 


where 

/ • ° dZ^DCv) 

/ 

we can compute the so-called "initial" velocity of the projectile, 
whereby the effect of the after-action of the gas powders is not 
taken into consideration, and the correction Av^ is computed using 
the normal resistance law. In consequence we get the following 
relations: 


> Vax > \.ai ’a ■ A.« 'a > V ~ ’'O- 

Therefore, it may be assumed in practice that the relative 
muzzle velocity v^, calculated in solving the problem of internal 
ballistics, is approximately equal to the "initial" velocity v^ of 
the projectile determined by test by means of a chronograph. 

The law governing the change of velocity and pressure in a 
stream of discharged gases, as well as the law governing the change 
of the stream’s shape when the projectile is situated in the stream, 
lend themselves to experimental analysis only with great difficulty. 
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Cas dynamics offers only an approximate relationship for 
determining the gas velocity in the absence of solids distorting 
the stream, which relationship does not take into account the 
external pressure. 

In view of the absence of reliable theoretical relations for 
determining the velocity increment of the projectile, we are presenting 
here certain test data on gas after-action. Spark photography and 
ultxa high-speed photography make it possible to study the phenomena 
occurring during the motion of the projectile after it has left the 
barrel and during the discharge of the gases from the bore. 

ir« shall not attempt to enumerate here all the tests of this 
type and limit our discussion to the firing of small arms and howitzers 
When a shot is fired, the air present in the bore is ejected causing 
a spherical impact wave at the face of the muzzle. Next there appears 
a small quantity of gas escaping through the clearances between the 
walls of the bore and the surface of the bullet or projectile, 
following which there appears the bullet or projectile itself. 

Next in order is the discharge of powder gases causing a shock 
wave upon encountering the outside air, which is responsible for the 
report of the gun. 

The powder gases surround the bullet or projectile and tend to 
move forward with a velocity considerably exceeding the velopity 
of the bullet. \ 

Air resistance and friction cause the powder gases to rapidly 
lose their velocity. A certain distance away from the muzzle face 
(about 35 cm) the bullet begins to overtake the gases, and the 
ballistic or bow wave usually accompanying the flight of the projectile 
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originates at this instant. The photographs in Tigs. 116, 117, 118 
and H9(*) taken by D.F. Chernyshev show that in addition to the 
ballistic wave around the bullet, a large number of similar waves 
accompanies the unburned flying particles of powder ejected from the 
bore. 

When the p’^ojectile velocity exceeds the speed of sound, the 
ballistic wave gradually emerges from the spherical sound wave in 
the form of a cone (see figs. 116, 117, 118 and 119). This is 
accompanied by clearly defined masses of condensed gas accompanied 
by eddies and by the appearance of stationary waves when the powder 
gases are discharged. The latter phenomenon is explained by the 
following: As the pressure drops gradually, the gases in receding 
from the muzzle face cause local increases of pressure (pressure 
Jumps), the pressure becoming maximum at the points where the gases 
become condensed. As the gases are discharged, the position of the 
first maximum changes - it is gradually displaced toward the muzzle 
face. The occurrence of such masses of condensed gas is mainly 
explained by the gradually increasing effect of air resistance. 

As the pressure changes, the gas velocity increases at first, 
mainly at the center of the stream, where the gas is not affected 
by outside friction; however, at the points of condensation and 
increased pressure, the gas velocity again undergoes a considerable 
decrease. 

(*) These photos are missing from the original text. Editor. 
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t-''; . • - ■ - . ' - 

According to observations made by Kampe-de Ferier in firing 
a ST-^ma cannon having a auzzle velocity of about 720 m/sec, 
approximately 0,0015 sec before the shell leaves the bora, poorly 
iuainous gases begin to appear from the bore and disperse with a 
velocity of about 300 a/sec. Directly after the shell leaves the 
muzzle face, a lateral gas discharge "occurs through an annular 
clearance between the walls of the bore and the base of the projectile 
with a velocity of about 2000 m/sec. Then, as soon as the base of 
the projectile recedes from the muzt^le face, the expanded gases 
proceed forward with a velocity of the order of 1400 m/sec, and 
inasmuch as this velocity greatly exceeds the velocity of the projectile 
(720 m/sec), the entire gao mass c-tches up with and overtakes the 
projectile, and completely surrounds it. 

The velocity of the forward layers of the gas mass begins to 
decrease thereby in the following order: 


t, sec. 0.001 0.002 0.003 0.004 0.005 0.007 0.009 

Y, »/'aec...'.... 780 750 580 ' 470 370 320 310 


The velocity of the projectile continues to approach the value 
of 720 m/sec, and at t • 0.007 sec it emerges from the gas mass and 
is relieved of its influence, its distance from the muzzle face being 
5 n at that instant. 

The gas cloud explodes about 0.019-0.028 sec later, at which 
time the velocity of the forward layers of the gas increases frou 120 
to 180 m/sec. 

Tests were conducted by Okosi in Japan in 1913 to determine the 
change in the velocity of a rifle bullet. A special chronograph was 
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used in these tests permitting the use of several targets simultaneously. 

It VRS found ‘that in 10 cases out of 14 (71%) the velocity was 
maximum; in the remaining cases (29%) a minimum was observed followed 
by a maximum, where the maximum velocity exceeied the muzzle velocity 
in all cases. Okosi concluded that for the Japanese rifle of 1898 
issue the maximum velocity is obtained at a distance of about 1.5 m 
from the muzzle face, and that the increment constitutes only about 
0.8% on the average. At a distance of 5 the velocity again drops 
to that of the muzzle velocity. 

Tests were conducted by N.H, Platonov for the purpose of 
determining the period of gas after-action on the base of the projectiles 
in howitzers with relation to the distance traversed. Curves were 
obtained showing the change in projectile velocity and the pressure 
acting on the projectile's base (fig. 120a and b) during the period 
of after-action, fbe curves were obtained by means of slow-motion 
photography. 

Figure 121 represents a curve of the pressure exerted on the 
base of the projectile for a reduced change, obtained from the 
analysis of the v, X curve. 

A comparison of the v, X curves obtained with a full and reduced 
charge (fig. 120a) disclosed that the length of the period of after- 
action is approximately doubled in changing from a reduced to .a full 
charge. Curve p^^, x (fig. 121) shows that the pressure exerted by 
the powder gas on the base of the projectile during the period Of 
after-action rapidly decreases as the distance traversed by the 
projectile increases. 
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It should be noted here that in line with the positive results 
cited here, tests conducted by other investigators employing different 
Methods have produced opposite results. It may be concluded therefore 
th&t the ^object problem is still in the stage of experimental study 
and that most of the attention should be directed towards the develop¬ 
ment of new methods for the study of bullet motion during the period of 
after-action and for th^ establishment or determination of errors 
peculiar to the different methods used. 

/ 



Fig. 120 - Change of Fro- 
- Jectlle Velocity 
'During the Period 
or After-Action 

a)r V, m/sec; b) full charge; 
c) reduced charge. 



Fig. 121 - Pressure Drop During 
the Period of After-Action 

a) kg/ca^; b) reduced charge. 


CHAPTER 3 - BURNING OF POVDER IK AN INCOMPLETELY CLOSED SPACE 

1. PRESSURE EXERTED BY GASES WHEN DISCHARGED THROUGH A NOZZLE 
DURING BURNING OF THE POWDER 


The process considered here applies in practice to the following: 

1) When powder is burned in a special aanometric bomb with nozzle, 
for the purpose of investigating the burning under conditions 
simulating powder burning in a gun - where the pressure rises and drops; 
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2) In a separate combustion chamber of a gas-actuated gun; 

3) la the chamber of a rocket shell. 

In all of the above cases the gas inflow due to the burning of 
powder is simultaneously accompanied by the discharge of a portion 
of the gas through a nozzle. Therefore, the pressure during the 
burning process may drop as well as increase. Under these conditions 
the process will vary, depending on the pressure maintained in the 
chamber; the lower the gas pressure in the chamber, the easier it 
is to keep it constant. We shall first consider the case of high 
pressures, for which the burning rate law u - Uj,p is valid. 

Let us compile a formula for determining pressure in constant 
volume Wq at a given instant under the condition that a portion of 
the gas is discharged through an opening (nozzle), 

shall designate the quantity of gas discharged at a given 
instant (in kg) by Y and the ratio . 

We had derived above the formula for gas discharge In time t: 


t 



where Gg^^, - Asp^; the pressure in the space from which the gas is 
discharged equals p^ and the cross section of the nozzle is s; A 
is the discharge coefficient. 

The pressure p^ is not constant when burning occurs in a bomb 
with a nozzle; it changes continuously and hence the discharge process 
will not be a stable one. In order to evaluate the process, let us 
assume as a first approximation that the relation derived for a 
stabilized discharge process also applies to our case, wherein p ~ 
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va.s*ies constantly with respect to time. Then, denoting by p the 
current gas pressure in a chamber with a nozzle and by the cross 
section of the nozzle, we get: 


Y - As„ f pdt - As I 


and at the end of powder burning 


We arrive at the conclusion that the gas discharge during burning 
of the powder is proportional to the pressure increase impulse 
at the given Instant, and at the end of burning - to the full impulse 


Inasmuch as the Impulse depends only on thickness 2ex and 


shape of the powder and its burning progressivity. It may be assumed 
for sufficiently small cross sections Sj^ and T » In such 
a case the expression depicting the pressure at a given instant will 


(*) The relations taking into account the lowering of gas temperature 
in the presence of large openings are analyzed in special texts. 
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Y) 


fu>{vy ~ ^ ) 


p . ------ --------- 

Wjj - aCwvv- Y) - ^{l -i*) - y(l - ^)-au.(<f -) 


tc^i^ - ^ ) 

1 - yCl - 'V)~aM'y 

At the end of burning, we will have: 



f«^(l “‘^K> 

Wjj - au3(l -■•jjj.) 1 - oAd - ^j^)‘ 


(96) 


(97) 


Using the designation Zi(l g) - Aj^, the formula will be 
transformed into the usual Noble formula; 


fAg 
1 - 


(98) • 


where Aj^ is that charging density at which the maximum ^.'•••ssure 
Pm " would obtain in a closed space. 

The simple rule for calculating the powder charge or the density 
of the charge producing the required pressure Pj^ at the end of 
burning follows from the above. Using Noble’s formula, the values 
are found of Aj^ or u>j^ at which the pressure P^ “ Pjj would obtain in 
a closed space: 


A 


K 


Pk 

f + apg 


f + opj^ 

417 
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Thea, using formula 


Y„ “ A6„I„ «• As„ —~ 

K » K « uj 

the weight is deteriained of the ^ases discharged through a nozzle of 
cross section during the period that the powder is burned with 
iapulae The su» of will give the full charge which, 

when burned in a bomb with nozzle will produce pressure pg. 


u 



1 


The value of “ j pdt can be found beforehand froa a test 
in a closed boab, Inasaucb as the magnitude of the pressure impulse 
for powders of simple shapes does not depend on A and should not 
depend on whether the pressure Increases according to the law 
applicable to a closed bomb, or decreases more slowly, or even 
drops in consequence of the discharge of a portion of the gas through 
the nozzle. Indeed, if we designate the pressure in a closed bomb 
by P, and that in a bomb with a nozzle by p, and the times 't and t, 
respectively, then upon burning powder of the sane thickness in a 
closed space, do « Uj^Pdt. When powder of the same thickness is 
burned in a chamber with an opening, de » u^^pdt. Because a.H JL result 
of partial gas discharge p < P, the time interval necessary for the 
burning of the same thickness de at the smaller pressure p will be 
correspondingly longer, and the total time will therefore be 

PdT "• pdt, 

418 
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1“ ■ i 

0 


Therefore, in order to determine the gas flow through the nozzle 

during the time the powder is burned, use can be made of the impulse 
1 < 

I„ •• f PdT calculated from a test in a closed space (a manometric 


Once the values of and are known and the value of I " ( pdt 


is obtained from the pressure curve, the value of can be found for 
any given Instant and the corresponding value of vy then determined. 


Y - iju- y J_ or 


Solving formula (96) with respect to, we get: 


I +-^(f + ap) 


■(”-1) t”-t ■•(•--I). 


The first term of this equation represents the usual expression 
for the portion y charge at which, in a closed space at the 

same ctxrglng density A as in a chamber with a nozzle, the obtained 
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pressure is p; the second term takes into account the influence of 
the discharged gases. 

The magnitude "> 1 ^ is precisely the one characterizing the relative 
intensity of gas flow, or the relative gas discharge during burning 
of the powder; it is the greater, the greater s^ and and the smaller 
the charge‘JO, but always< 1, 

2. PRESSURE C'JRVE OBTAINED IK A NOZZLED CHAMBER 
WHEN THi' DISCHARGE OPENING IS SMALL 

We shall consider, as in the case of general pyrostatics, the 
case of i\ powder with a constant burning area (X » 1, X- 0, 6- 1). 

The instantaneous pressure is expressed b> the formula: 

fGj(y ) fu(Y ) 

p - ---- - -. 

W^4- aw-h 

- ~(1 1 }) ^ 


The denominator in the right side shows that if a portion of the 
gas (w^) is discharged, the free space during burning will be greater 
and hence undergo a smaller change than - the free space obtained 
during burning in a closed space. Hence, as in the case of general 
pyrostatics, the mean value of the free space can be used to determine 
the general character of the phenomenon. Assuming that- •— 

and following expression for the average 

value of the free space in the chamber: 


V. - Vv. * ^0 " 
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The pressure formula will take on the form: 


P 


f w 




Differentiating with respect to t and bearing in mind that for 
a powder with a constant burning area or for a strip “ 1 and 


dH* _ ^ ^ _ ^^aiP 

dt ej^ ^ Ijj* dt «-j * 


we will get: 



-d 


Denoting the constant 


1 


\ 


ftu 

'^av. 


u-v 


1 



separating the variables and integrating the obtained equations we get 
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or 


t /^1 





Fig. 122 - Pressure Increase Curves when Burning Powder 
in a Bomb with a Nozzle. 

'Se have obtained the same formula as when burning powder in a 
constant closed space, although the constant corresponds to the 
burning of charge u.>(l - < u> rather than charge w, and hence 

the process of pressure increase is slower, i.e.., the same as it 

- •>?k) 

would have been in a closed space at - --- which is smaller 

^ -^0 

than the actual A « ' 

Wq 

The full time of burning under these conditions is determined 
by the formula: 


Pjf 

t„ « 2,303 t, log 

^ i pb 

It should be noted that also the pressure p^ of the igniter 
under conditions of partial gas discharge will not be equal to the 
rated pressure under conditions of a closed space; a correction must 
be made for the gas discharge, 
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The curves in fig* 122 show the pressure increase: 1 - when the 
powder IS burned in a closed space;*2 - when the same charge is burned 
with a portion of the gas discharged through a nozzle. 

Both curves are theoretical ones under the assumption that 
burning proceeds according to the geometric law. It has been shown 
however that the true characteristic of pressure increase differs 
from the theoretical by the fact that the pressure curve is bent at 
the end and that it approaches the horizontal tangentially rather 
than at an angle. 

Therefore, when powder is burned In a chamber with a nozzle, 
curve 2 will likewise be distorted. 

Tiie problem dealing with the effect of the charging conditions 
and of the burning of powder on the law governing the pressure increase 
when a portion of the gas is discharged through a nozzle, can be 
solved graphically in its first approximation. 

Indeed, the input of gases per second as a result of powder 
burning at high pressures is expressed by the well-known formula: 

d'^ S r* 

u> - -— u-p kg/sec -wip; 

dt ^ 


and the gas discharge (output) per second is expressed by the following 
formula: 
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If the input exceeds the output, the pressure in the chamber 
will rise; if the procedure is reversed, the pressure will drop. 

If the input equals the output, the pressure must be maximum 
or remain constant. Hence ti(e pressure change depends on the ratios 
dw^'dt and d'Y/dt. A simple relationship is obtained between the 
charging conditions and the powder burning characteristics, permitting 
a direct answer to the problems dealing wi/th the nature of the 
pressure curve and with the condition of obtaining the maximum pressure 
before the end of burning. / 

Everything depends on the ratios: 

Jr iT 

where As^, characterizing the flow conditions, is a constant, and cuf 
is usually a variable and becomes constant only for powders•with 
a constant burning area. Therefore, these values can be made equal 
and the pressure can be obtained only at a certain instant. 

Thereafter the pressure will begin to drop or rise because S/Sj^ 
usually varies in one direction only. 

«e thus get a simple graphic solution for the problem. If it 
is required to find out whether the end of burning will obtain after 
the maxiauH is reached and the value of Yn to which the maximum 

pressure will correspond, the answers will be obtained by constructing 
a curve for the given powder depicting the progressivlty of burning 
wr as a function of y# » straight line aa' must be then drawn 
parallel to the abscissa at a distance froA^it (fig. 123>. If 
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the entire liae an' lies below line 1-1, the gas Input during the 

entire burning process exceeds the gas discharge through the nozzle, 

the pressure curve rises continuously, and the maximum pressure 

coincides with the end of burning. The angle of inclination of the 

curve( will be maximura at the end of burning (curve 1-1 in 

\ IK 

fig. 124). If line aa‘ starts below the of curve (see fig. 123) 
and then intersects it at point b and continues above it, it means 
that the pressure w.’ll first increase, pass the maximum at point 
where the gas input equals the gas discharge, and will then drop, 
because the gas discharge As^ per second will exceed the gas input 

wr. 

A pressure curve 2-2 (fig. 124) is thus obtained with a smooth 
inflection at point p^^ and a descending portion showing a pressure 
drop between Pj^^ and pg. 

In fig. 123 curve fj, (3-3) lies below the line aa*. This indicates 
that the discharge will always exceed the input, that the pressure will 
continuously decrease (curve 3-3 in fig. 124), and that the powder 
aay burn slowly and may even tend to die out. 

The r curves in fig. 123 represent strip powders of varying 
thicknesses: 1-1 for thin strip, 2-2 for strips of average thickness, 
and 3-3 for thick powder. Hence, with the same powder shape, by 
varying the thickness of the strip and leaving the charge and cross- 
sectional area of the nozzle unchanged, we can obtain all three forms 
of the pressure (increase) curve. 

Contrariwise, for the same powder of given dimensions, by varying 
the nozzle opening or the weight of the charge w, the position 
of line aa’ or wP can be changed and with it the characteristic of 
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the curve depicticg the pressure increase in a chamber with a norzle. 
Therefore, a chamber vith a riozzle, if provided with means for 
recording the rise and drop of pr&ssnre, wakes it possible to test 
powders at considerably greater charging densities and under conditions 
approaching those of powder burned in a weapon; l.e., not only under 
conditions of pressure rise, but also under conditions of pressure drop. 

Ail of the above conclusions and the possibility of obtaining 
maximum pressure before the end of burning are based on the analysis 
of tbeoretipal curves of progresslvity P calculated according to the 
geometric law. Actually, of course, the test curves r,Y differ in 
character, i.e,, they differ in regard to regressive powders by their 
beginning and end portions, whereas in regard to progressive powders 
they differ along their entire zero-to-unity interval. Typical 
diagrams for strip (or tubular) powder (fig. 125) and for powders 
with many perforations (fig. 126) arc presented below. 



Discharge Characteristic 
Cu'^ves. 

A conpil^rison of the 


On 
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Fig. 124 - Curves Depicting 
Pressure Variation in a Bomb with 
a Hozzle. 

and aa' diagrams characterizing the 
426 
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size of the nozzle indicates the important difference between 


experimental and theoretical curves ^hich must be reflected or 
the nature of the pressure curves p, t obtained in the presence of 
a nozzle on the chamber. 

Inasmuch as the test curves P, ^ show a sharp drop at the end 
of burning and tend toward zero, they must be intersected bj the 
line aa*j the maximum must o^cur before the end of burning, whereas 
the end of burning will occur on the descending branch of the 
pressure curve. 

The ascending portl#>ns of the P,\|> curves at the start of burning 
point at a gradual ignition at ignitor pxc‘=''-ures of 20-40 kg/cm^, 
and if the P, oj curve lies a considerable distance below the 
corresponding straight line aa', ignition cannot take place and the 
powder will be extinguished because of lowered pressure. Such 
examples were obtained in testing cylindrical grains for ignition. 
When a pyroxyline igniter was used capable of developing a pressure 
of about 50 kg/cm^, it was often found that after it was burned its 
gases would exit through the nozzle without igniting the powder 
charge. A subsequent examination of the powder grains would show 
that the latter were partly burned and became extinguished when the 
pressure dropped. Actual calculations for one such case show that 

A -2L - 0.007 - 0.098 cm^ kg • sec, 

0.005 

and for this powder the theoretical Pq * 20 • 0.0075 “ 0.150 
cmVkg • sec. 
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PliAPHIC.NOT BEPilODUCIBLE 


Fig, 125 - Relation Between Gas Input and Discharge per Second 
when Burning Strip Powder in Accordance with the Physical 
Combustion Law. 

GBAPHIC NOT KEPEODUCIBLE 


Fig. 126 - Relation Between Gas Input and Discharge per Second 
when Burning Powder with Many Perforations in Accordance 
with the Physical Combustion Law. 

If the ignition were*instantaneous, the powder would not have 
s 

been extinguished because > A -;j*(*)* But inasmuch as ignition 
i» not instantaneous, and the initial f can actually equal 0.040-0.050 
and then increase to 0.200, the value of f st the start of ignition is 
actually smaller than A the discharge through the nozzle exceeds 

the gas input, and the powder does not ignite. 

(*) Subscript T.O. stands for "theoretical, initial." Editor. 
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3. DERIVATION OF MAXIMUM PRESSURE FORMULA 
According to the. physical law of burning, all powders without 
exception, when burned .in a chamber with a nozzle, due to the sharp 
surface area decrease at the end of burn^g, must develop maximum 

pressure before the end of burning, and'hence a maximum ^ - o 

/ 

must occur on the pressure curve without fail. We shall derive the 
condition for obtaining maximum pressure and a formula for p , from 

i " 

the fundamental equation of pressure in a semi-ciosed space. 

We had presented above the general pressure formiila: 

p - ---- 

1 _ .|.(i - Y)“a ACt-*7 ) 

In order to determine the conditions for obtaining p^, we 
differentiate p with respect to t, be?iringr in mind that 














In the first approximation for rockets, where p 4 250 atsn, 




mi * 
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n* “1; for chambers with nozzles n' - 1.10, 

Thus, in order to obtain p^,, it is necessary that the inflow 
of gas per second at p - 1, i.e.,u>r, satisfy the condition <N), 
i.e., that it exceed somewhat th© discharge of gas per second 
reduced to p - 1. 


- 


or' > As . 


Having obtained from bomb tests or by means of theoretical 

calculations curves of to and P as a function of I, and also the 
As 

straight lines n* for various charges the problem of 

determining p„ can be solved as follows. 

Passing > the straight line A -jj- n' for a given, weight of charge 

through curve P, I in fig. 127, we find the point of intersection a^, 

and dropping a vertical from this point we determine I on the 
\ s 

abscissa and the value on curve y* With A^~ and known, we 

compute the relative gas discharge at the instant is obtained; 










Fig. 127 - Graph for Determining During Gas Discharge. 
Substituting the obtained values of pressure 

formula, me find: 


-_ 

P« 

1 -*-(1 - > j ^) 

mhere 


-It.is knomp that the gas inflow vy « 


Tdl is expressed by the 


0 

***** bounded by the I curve and the abscissa I, and the gas discharge 

" *7^ ^ the area of a triangle of altitude A— and base I. 

The difference between these areas, cross-hatched in fig. 127, gives 

the gas residue’in the chamber. The greater the charge w , the lower 
8 ' ^ ■ 
will be the straight line A-~, the greater will be the cross-hatched 
i 

wrea the. later will the maximum pressure occur, and the 

greater will be the maximum pressure. 
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It Is of interest to note that the condition for obtaining 
majcimura pressure obviously does not depend on the volume*of the 
chamber and the charging density, but, rather, on the ratio between 

the oppositely reacting intensities of gas inflow wP and gas 

n 

discharge As^, similarly to the condition in a gun wherein the 
maximum obtainable pressure depends on the ratio between the intensity 
of gas inflow wP and the rate of increase of the volume of. the bore ' 
sv. 


The obtained derivations are valid for high pressures (above 
1000 kg/cm^) or for rapidly burned fine powders, when the burning 
rate law u - u^^p holds true. 

At low pressures (up to 250 kg/cm^) and for very' thick powders 
the burning rate law u ■> Uj^p no longer applies, as was shown in the 
chapter dealing with the burning rate law, and the relationships 
become somewhat different. 

At small pressures and relatively slow burning of the powder, ■ 
the mass of the latter succeeds in becoming heated to a considerable 
degree; the more so, the slower the process of burning. Therefore 
the rate of burning u^ reduced to p « 1 increases at low pressures, 
and begins to decrease as the pressure increases. 

Inasmuch as the true change of Uj^ with heating and the degree 
to which the powder mass becomes heated at different rates of burning 
have not yet been determined experimentally, formally this phenomenon 
of burning reduced to p - 1, which is more intense at small pressures 
and less intense at high pressures, can be expressed by the burning 
rate law: 
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at will. 


J 


Say, at point a th<* input and discharge of the gases become 
equalized and the pressure remains constant. Should the pressure be 
increased (to the right o.f point a), the intensity of gas discharge 
will becotae greater compared with the gas input and the pressure will 
drop, i,e.,^he process will reverse itself towards point a, 
Bjalntaining p^ - const. 

In exactly the same way, when the pressure drops (to the left 

of point a), the gas Inflow process will be more intense, and this 

will cause the pressure to incrcuse and to tend towards p « const. 

n 

Therefore, at low pressures, when the burning rate law is 
u - Ujp'^, the process of maintaining the gas pressure at a specific 
level will be of the self-regulating kind; it will be more stable 
compared with the process of pressure change when powder is burned 
at high pressures of the order of 1000-2000 kg/cm^. 

This tendency towards leveling off of the pressure can be noted 
8 

by comparing diagrams F, I and A-~, 1 under different burning rate 
laws. It has been established by actual tests that at high pressures, 
at A > 0.10-0.12, the integral curves I as a function of do not 
depend on A and coincide at different charging densities. At small 
charging densities and low pressures the Integral curves assume lower 
positions, which are the lower, the smaller the charging density. 

Correspondingly, the P, Y I, curves also coincide at high 
charging densities; at low charging densities the F, ^ curves are 
disposed the higher, the smaller the value of fik; curves F, I, at 
the start, are likewise disposed higher and are then intersected by 
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n I curves at higher values of 
fdl - 1 - const. 


A, because the total area 

0 



GRAPHIC NOT REPRODUCIBLE 



Fig. 128 - Diagram Depicting the Rate of Input and Discharge of Gases. 

For high densities we will have the former graph (see fig. 127), 
where P, I and y, I are the same for different A(from 0.12 to 0.25). 

We shall construct an additional graph (fig. 129) for low charging 
densities taking into account the change of P and 1 obtained with 
the change of the charging density. Let < A^; let us see 

what happens when the gas inflow with velocity P occurs simultaneously 







higher vill be the disposition of the P, I curve on the grajh. 

s 

When the input P^^ balan s the discharge A-^n‘ at point 
As 

the straight line -^—n’ vill lie above r2 9nd the pressure will 
begin to drop; however, at a lower pressure, use must be made of 
curve Pg lying above P^, and point a,^ can be intercepted at the 
same pressure. Tne same will occur in region ag-aj^, whereby 
'Ps '1'2 ^ burned portion of the charge grows, whereas the 

pressure remains constant, because the gas inflow equals the gas 
dischargee This will not occur at all at high pressures, at which 


curve P, I is the same even after it intercepts point a , point 

^ As 

or point a.. The P, I curve will be disposed below line —-n', 
o w ' 


and the pressure will continue to drop only. 


K.E. TSIOLKOVSKY'S FORMULA 


A rocket is propelled by the reaction force produced by the 
gases discharged from it. The Great Fatherland War has given us 
many exampl*" "5 of rocket application both in our country and in the 
countries of our allies and enemies. These may be exemplified by 
our famous "Katushas" or by the German multi-barreled rocket (mine) 
throwers. 


We shall present here the derivation of the famous Tsiolkovsky 
formula for determining -the velocity of a rocket on the basis of 
the relations presented above. 


We shall designate by Q the total weight of the rocket, the 
charge included, byw- the weight of the powder charge, and by 
q - the weight of the rocket less the charge, so that Q - q + u. 
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This is Tsiolkovsky's formula derived without taking air resistance 
irto consideration. ^ 

The values of ^ depending on the degree of expansion of the 
nozzle were presented above. The table given below gives these/ 
values with respect to the ratio between the discharge diameter dj^ 
of the nozzle and its smallest cross'section d^ (Table 32). 


/ 


Therefore, at d /d “2 the gain in the reaction force produced 

an- ^ 

compared with a straight nozzle is 30%. 1\hen dj^/d^ is increased to 
3 and 4, the added increase in the reaction force amoqnts to only 
7 and 4%, respectively., • 

Inasmuch as the enlargement of the discharge cross section of 
the nozzle is associated with increase, of length and weight, which 
add to the weight of the rocket without offering any appreciable 
advantage, the value of dj^/d^^ in actual practice is taken within 
the limits of 2-2.5. 

CHAPTER 4 - A BRIEF DISCUSSION OF THE THEORY OF THE 
MUZZLE BRAKE 

■ _ 1. GENERAL CONSIDERATIONS 

A muzzle brake is a device attached to the muzzle of the barrel. 
Its purpose is to deflect a portion of the discharged gases in the 
direction of the barrel recoil and thus reduce the velocity of recoil 
and the load imposed on the gun mount. 
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Table 32 


da 

d» 

1 

2 

2,5 

3 

4 

C 

1.24 

1.61 

1.675 

1.73 

1.80 













r 

\ 



A portion of the gas entering the muzzle brake moves in the 
direction (behind) the projectile through the center opening of the 
brake, and the other portion of gas is discharged through side 
openings of the brake in the direction of recoil. 

The deflection of the gases to the sides reduceaf the quantity 
of gas passing through the center opening of the brake behind the 
projectile, and this serves to reduce the Haxi»u.a velocity of recoil. 
The reaction produced by a portion of the gases discharged through 
the side openings creates a force counteracting the power of recoil 
and also retards the latter. 


Thus t.he main purpose of a muzzle brake is to reduce the energy 
of the recoiling parts. 

Introducing the designations; 

^max “ velocity of free recoil without muzzle brake; 

- velocity of free recoil at the end of gas after-action in the 
presence of a muzzle brake, 

then the efficiency of the nuzzle brake may be called the "relative 


reduction of the kinetic energy of the recoiling masses," 



max 


i.e., 


The corresponding relative reduction of the maximum velocity of 
recoil can bo denoted thus: 







If the difference between the weights of the recoiling parts 


latter (Q^) is taken into account: 

^ 

""max T 


The simplest types of muzzle brakes are the "active brakes," 
whose action is based on the impact of gases escaping in the wake 
of the projectile against a surface fastened in front of the barrel 
(fig. 130). 


GKAPHIC NOT REPRODUCIBLE: 



_iT' 


Fig. 130 - Diagram of an 
Active Brake. 


Fig. 131 - Diagram of a Reaction 
Brake. 


In reaction brakes the gases- are discharged through curved 
passageways. The change of momentum along the bore axis will be 
equal to the reaction impulse of the, stream against the deflecting 
brake surface (fig. 131). ^ 

2. GAS REACTION PRESSURE ON TI^E WALLS OF A CURVED BORE 
OF A MUZZLE BRAKE(*) 


Let us not consider the flow of gas through a curved bore (fig. 132) 


(«) D.A. Yenisei, "VNUTRENNIAYA BALLISTIKA" (Internal Ballistics) 
Part II, 1939. \ 
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whose entrance cross section is and exit cross section is 
The passageways are inclined at an angle a^ with respect to the 
bore axis at the entrance opening and at an angle ^2 
opening. ■ 

We shall apply the equation of the change of somentum to the 
wolume of gas bounded by the curved walls of the bore and the two - 
sections ?2 “o*****^^ 

The sass of gas entering the bore through section F. during 

the time interval dt is -i- dt, whose component of the momentum 

g 

along the axis of the gun barrel equals 

S 

—i-. u cos a dt. 
g 1 ^ 

The same gas mass -^dt will exit through section F , and will have 

g * 

a component of the momentum along the same axis equal to 

-X. u, cos a dt. 

g 2 2 

The increment of the projection of the momentum of the given 
volume on the x-axis equals the elementary impulse of time dt along 
the x-axis of the total pressure exerted b> the bore on the gas and 
the pressures in the sections normal to it. 

Inasmuch as the component of the pressure exerted by the bore 
on the gas along the x-axis equals the component of the gas reaction 
on the bore with its sign reversed, we can write 
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/X 


-(Ug cos Og - cos aj^)dl « - ^ “ ^2^2 


whence, bearing in aind that «2 ^ *T ®2 ^ 

^T 11 I I 

^Tx “ ®2 I ■*■ ^1 “2 ■*■ ^1^1 ®1* 
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Fig. 132 - Diagram of Forces Acting in the Bore of the 
. Muzzle Brake. 

It follows that the component of the gas reaction on the bore 
along the x-axis is positive; it counteracts the recOil. 

If the brake has several bores or.passages inclined at the same 
angles and a^, the expression for the reaction of the whole brake 
will remain exactly the same, where the designations G^» F^^, Fg 

relate to the sum of the areas of all the passages in the brake. 

3. TOTAL REACTION ON THE GUN BY GASES DISCHARGED THROUGH 
THE MUZZLE BRAKE 

A gun equipped with a muzzle brake is subjected to the following 
forces acting along its axis during gas discharge. 

1) The component along the x-axis of the reaction of gases 
discharged through the forward end of the brake (muzzle opening of the 
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We shall assume that the gas begins to flow simultaneously through 
all' the openings after the base of the projectile has passed through 
the muzzle face. The component of the total reaction along the x-axis 
will be 



• The first term is greater than the second, and the minus sign 
in front of the first term indicates that the total gas reaction on 
the gun acts in a direction opposite to that of the x-axis (opposite 
to the direction of the projectile's notion). The closer angle 02 
approaches‘ tC, the greater the values of and greater the 
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reaction force of the brake. 

Obviously, the entry angle to the passageways in the brake 
does not enter into the expression for the total reaction Rj,. 

In computing the amount and the velocity of the discharge 
from the passageways, we shall use the assumption that the pressure 
PX at the entrance to the brake passageways is crlt.ical with relation 
to the mean pressure in the bore of the gnn at a given instant; 



2 Wk-1 

m j, '■ 


the incoming gas velocity may be disregarded. 

By expanding in succession the values in Rj., Prof. D.A. Ventsel 
reduced this expression to the following general form: 
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■In the Iftst exprei^sion: 

X - A coefficient depending on the curvature of the passageways 
(X - Ov 75-1,0 at ct^< 30®); 

“Y - a coefficient depending on the entrance angles and a_ 

a. + X - Qo ^ ^ 

in terns of expression -i——^its value is given in a table. 


Table 33 


!2_ 

!2_ 

"i. 

l.Ol 

0.5 

1.06 

0.4 

1.19 

0.3 

1.46 

0.2 

2.25 

0.1 

3.61 

0.05 

11.8 

0.01 


The ratio of the pressures at the entrance and exit of the brake 
bore P 2 /P 1 depends on the ratio and is determined from Table 33. 


+7C - 012 

15° 

0 

0 

25® 

0 

n 

40® 

50® 

60® 

70® 

2 

Y 

0.725 

0.770 

0.815 

0.845 

0.890 

0.920 

0.940 

0.950 


4. THE FULL IMPULSE OF THE TOTAL GAS REACTION 


Similarly to a gun without a muzzle brake, we will have the 
following during the period of after-action between the gases and ^'le 
brake: 


% 

g 


(K 


r" 

j Rcdt - Y 




A .a 

“2 * 
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whence 




w Xck .a 
QO 2 


- Uy^Csp. 



The pressure drop p as a function of time will be the same as in 
the usual case (in the absence of a muzzle brake), with the exception 
that the coefficient B’ is replaced by the greater coefficient Ej,f 
because the gases are discharged not only through the front opening 
of the brake, but also through the side passages: 


where 


Pa 


(1 + Brt) 


2k/k-l 


B 


Z 


B* 


1 +A: 


Fi / 2 Vl/^Ck+l/k-l) 


The period of after-action in the presence of a muzzle brake 
is 
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m. 









vhere 



Pi: 


2 / 2 . 

V* 


i 

At k - 1.2 



Here p is in kg/cm^, the velocity is in m/ sec,A is in kg/dm^. 

Using the above iormula, ue can calculate the velocity at 
the end of the period of gas after-action on the barrel and deteraine 


the efficiency of the brake: 


efficiency - 



v2 

max 



The efficiency of modern muzzle brakes may be of the order of 
40-50% and even 70 and 80% in exceptional cases. 

Example. Calculate the efficiency of a muzzle brake. Say, the 
characteristics of the given gun are as follows: 


A- 0.72; ~ - 0,453; A. 

q 


1000 m/sec; p 
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